A new method of measuring nuclear or other magnetic moment is described. The method, which consists essentially in the measurement of a Larmor frequency in known magnetic fields, is of very general application and capable of the highest precision in absolute and relative measurements. The If the nuclear moment were known to only 10 percent, the importance of this datum would be greatly diminished.
A new method of measuring nuclear or other magnetic moment is described. The method, which consists essentially in the measurement of a Larmor frequency in known magnetic fields, is of very general application and capable of the highest precision in absolute and relative measurements. The apparatus consists of two magnets in succession which produce inhomogeneous magnetic fields of oppositely directed gradients. A molecular beam of the substance to be studied possesses a sigmoid path in these magnets and is focused on a suitable detector. A third magnet which produces a homogeneous field is placed in the region between the two deflecting magnets. In this strong homogeneous field the nuclear moments are decoupled from other nuclear moments and from rotational moments of a molecule in a 'Z state, and precess. with their Larmor frequency v = pH/hI. An oscillating field perpendicular to the homogeneous field produces transitions to other states of space quantization when the frequency of this field is close to f. If such transitions take place the molecule is no longer focused on to the detector by the subsequent inhomogeneous field and the observed intensity diminishes. The application of the method to the molecules LiC1, LiF, NaF and Li2 is described, The nuclear moments of Li, Li' and F" were found to be 3.250, 0.820 and 2.622 nuclear magnetons, respectively. that of 3Li'; according to the calculations of Rose and Bethe' the contribution of the orbital motions to the moment of this nucleus is about 10 percent of the total moment. The rest is contributed by the intrinsic proton moment.
If the nuclear moment were known to only 10 percent, the importance of this datum would be greatly diminished.
In two letters to this journal, ' ' we reported briefly on a new precision method of measuring nuclear moment, and on some results. In this paper we shall give a more detailed account of the method, apparatus and results.
'HE magnetic moment of the atomic nucleus is one of the few of its important properties which concern both phases of the nuclear problem, the nature of the nuclear forces and the appropriate nuclear model. According to current theories the anomalous moment of the proton is directly connected with the processes from which nuclear forces arise. The question whether the intrinsic moments of the proton and neutron are maintained within the nucleus is part of the problem of two and multiparticle forces between nuclear constituents. With regard to the atomic model it is clear that the nuclear angular momentum does not alone suffice to fix the nature of the wave functions which specify the state of the nucleus. The magnetic moment, on the other hand, is sensitive to the relative contributions of spin and orbital moment and, with the advance of mathematical technique, suffices to decide between the different proposed configurations.
In the light of these considerations it is particularly desirable that nuclear moments be known to high precision because small effect may be of great importance. A case in point i
METHoD
The principle on which the method is based applies not only to nuclear magnetic moments but rather to any system which possesses angular momentum and a magnetic moment. We consider a system with angular momentum, J, in units of h(2m, and magnetic moment p. In an external magnetic field IIO the angular mo- s (1937) ' I. I. Rabi, J. R. 7acharias, S. Millman and P. Kusch, Phys. Rev. 53, 318 (1938 Fro. i. Paths of molecules. The two solid curves indicate the paths of two molecules having different moments and velocities and whose moments are not changed during passage through the apparatus. This is indicated by the small gyroscopes drawn on one of these paths, in which the projection of the magnetic moment along the field remains fixed. The two dotted curves in the region of the 8 magnet indicate the paths of two molecules the projection of whose nuclear magnetic moments along the field has been changed in the region of the C magnet. This is indicated by means of the two gyroscopes drawn on the dotted curves, for one of which the projection of the magnetic moment along the field has been increased, and for the other of which the projection has been decreased. formula becomes:
where 6 = Hi/2Hp one-ha, lf the ratio of the amplitude of the oscillating field to the static field, and the other symbols retain their meaning.
For spins higher than -', the general formula given by Majorana' applies, and
where o. is defined through P&i, n --sin' (n/2).
That is, we calculate o. for a system which has the same ti/l but with a spin of -' , and subject to the same field, and use it in Eq. (3).
The orders of magnitude involved can be seen from a simple example: consider a system with spin -, ' arid a moment of 1 nuclear magneton in a field of 1000 gauss and an oscillating field of 10 gauss amplitude. We assume that the system is moving at a speed of 10' cm per second which is of the order of thermal velocities, and set t=l/v=10~l. The resonance frequency is NH (0.5X10 ")(10') -1.5X10' cycles per sec. , kl (6.55X10 ") (-') which fortunately is in a very convenient range of radiofrequencies. To make the sin' terms a maximum at g = 1 we set sr X10 'lX1.5X10'XO.SX10 '=n/2. Solving for /, we obtain /=6. 6 cm, which is a ' E. Majorana, Nuovo Cimento 9, 43 (1932) . very convenient length for the oscillating field.
The theoretically simplest systems to which these ideas may be applied in the study of nuclear moment are atoms which are normally in a state with electronic angular momentum equal to zero. If the electronic J is not zero, the interaction of the nuclear spin with the electronic angular momentum is of the order of magnitude of its interaction with the applied field Ho. Moreover, the electronic magnetic moment is so much larger than nuclear moment that the deHections in the A and 8 fields will be almost entirely. due to this electronic moment and the apparatus will accordingly be insensitive to changes in nuclear orientation. Resort must therefore be had to atoms in a state J=0 or to molecules in a 'Z state in which all electronic angular momentum is neutralized to the first order. These considerations do not preclude the study, with these methods, of atoms with electronic angular momentum, as such, but rather point out that they are not the most suitable systems for the investigation of nuclear magnetic moment.
As elementary calculations show, the interactions between the nuclear moments of the nuclei' in a molecule in a 'Z state arid the other angular momentum vectors, such as molecular rotation, are of the order of magnitude of 100 gauss or less. External fields of a few thousand gauss will therefore decouple all the nuclear spins from each other and from the molecular rotation to such a degree that they may be regarded as free. The other interactions will result in a fine structure of constant or decreasing width as Ho is increased. These effects on the precision can, therefore, be reduced ' to any assigned value merely by working at suitably high field.
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APPARATUS
The apparatus (Fig. 2) is contained in a iong brass-walled tube divided into three distinct chambers) each with its own high vacuum pumping system. The source chamber contains the oven which is mounted on tungsten pegs. By means of a screw the mount may be moved, under vacuum, in a direction perpendicular to the beam axis. Stopcock grease and Apiezon Q on the screw preserve vacuum even when the screw is turned. The interchamber contains no essential parts of the apparatus, but provides adequate vacuum isolation of the receiving chamber from the gassing of the heated oven, by means of a narrow slit on each end of the chamber. These slits may be moved under vacuum in a manner similar to the oven mount. The receiving chamber contains most of the essential parts of the apparatus: the two deHecting magnets, A and 8, the magnet, C, which produces the constant field, the radiofrequency oscillating 6eld, R, the eollimating slit, S, and the 1-mil tungsten filament detector, D. The A and 8 magnets have knife edges at both ends which overlap the gap on the side of the convex pole face by known amounts and extend above the gap into the region above the magnet by a known amount. Since it is impossible to sight through the gaps with a telescope, the preliminary optical line-up is made by sighting on the extensions of the edges in the region above the magnets. In this way it is possible to adjust the plane of symmetry of magnet A to coincide with that of magnet B. The optical line-up is sufficient for this purpose, since no very great precision is needed for this adjustment. It is also possible to adjust optically the lateral position of the magnets as well as the slits and detector to permit a beam to pass through the magnet gaps. The C magnet is lined up so that the median plane of its gap coincides with the centers of the gaps of the A and 8 magnets.
The two wires which produce the radiofrequency field, R, are suspended from a brass plate which is mounted on top of the vacuum chamber, and are so constructed that the width of the assemblage is only very slightly less than the width of the gap in the C magnet. The field R is then arranged in the gap so that it does not short to the poles of the C magnet. Since the width of the gap between the two wires is greater than that of the available working gap in the A and 8 magnets, this line-up is sufficient for the field R. Since the value of the magnetic moment of any nucleus is calculated from an observed magnetic field and an observed frequency it is essential that these quantities be known to a high degree of precision. The frequency of the oscillating magnetic field is determined to better than 0.03 percent by measuring the frequency of the oscillator with a General Radio Type 620A heterodyne frequency meter. It was found that the frequency of the oscillator varied by no more than 0.01 percent during the time required to obtain data on one resonance curve ( 15 minutes).
A calibration of the magnetic field of the homogeneous C magnet in terms of the current through the exciting coils was made in the usual way by measuring the ballistic deflection of a galvanometer when a flip coil was pulled from the magnetic field. A type K potentiometer was used to measure the potential drop across a shunt in series with the C magnet windings. The same shunt was used both in the calibration and in subsequent work, thereby eliminating the necessity of knowing its resistance accurately.
It is important that the magnetic field always return to the same value for a given magnetizing current. It was found that when a definite, reproducible procedure was used for demagnetizing the homogeneous field and for bringing it up to any state of magnetization, this condition was fulfilled to better than O. i percent.
A considerable variation in the value of the mutual inductance was observed, apparently depending on the humidity. The absolute value of the magnetic field is indeterminate to about 0.5 percent due to the uncertainty in the value of the mutual inductance and uncertainty in the areas of the flip coils. This, of course, introduces a corresponding uncertainty in the absolute values of the magnetic moments.
RESULTS
The first nuclei to be studied by this method were 3Li', 3Li' and 9Li ' in the LiC1, LiF, NaF and which follows immediately from Eq. (1) The accuracy of the nuclear moment values depends solely on a knowledge of the magnetic field, IX, at which the Larmor frequency associated with the nuclear magnetic moment is equal to the frequency of the oscillating field.
The absolute moment values depend upon the absolute calibration of magnetic standards and cannot at present be taken to be better than 0.5 percent. The relative moment values, on the other hand, do not depend on such standards but merely on the accuracy of the shape of the, magnetization curve for the homogeneous field on the reproducibility of a definite field with the same current in the exciting coils of the homoge-"J. H. Manley and S. Millman, Phys. Rev. 51, 19 (1936) . » M. Fox and I. I. Rabi, Phys. Rev. 48, 746 (1935 nuclear spins of the different nuclei and their interactions with the rest of the molecular structure. The nature of other perturbations and the physical information which can be obtained from detailed observation of resonance minima will be discussed in another paper.
DISCUSSION
One of the important objects of nuclear moment investigations is to ascertain whether the hyperfine structu, re of atomic energy levels can be accounted for entirely by the assumption that the nucleus interacts with the external electrons as a small magnet. The effects arising from the finite size of the nucleus and its charge distribution (isotope effect and electric quadrupole moment effect) modify slightly the h.f.s. predicted from this simple assumption but are still within the range of electromagnetic interactions. There may possibly be some other interactions with the electron which are not electromagnetic in nature but more like spin dependent nuclear forces. To this end a comparison of the ratio of the magnetic moments of two isotopes measured by our direct methods with that obtained from the results of h. f.s. measurements on the same isotopes is of interest. Since the electronic wave functions are the same for two isotopes, the ratio of the h.f.s. separations (6v) &/(Av) 2 of a given atomic energy state should yield the ratio of the moments, p&/p2, very accurately if no other effect enteW It is to be expected that a discrepancy between these two moment ratios will be very small because of the short time which an electron spends in the region very close to the nucleus. 
